In situ investigation of displaced chain walls in 80 at% Ni Permalloy under applied in-plane magnetic field has been carried out by out-offocus methods of Lorentz electron microscopy. The magnetic flux in the plane of the film is schematically illustrated. The in-plane magnetic field applied to the foil is produced by a homemade magnetizing stage. By adjusting magnitude and direction of the electric current through the coils of the magnetizing stage, the magnetization reversal process of the magnetic domain wall has been in situ observed.
Introduction
80 at% Ni Permalloy is one kind of soft magnetic alloys. Under weak magnetic field, it has good magnetic properties, such as high initial magnetic permeability i and maximal magnetic permeability m , high magnetic saturation induction Bs and low coercive field Hc. 1, 2) It can be easily processed as sheet strip, and thus is widely used as magnetic heads working in weak ac magnetic field conditions, electromagnet yoke, magnetic conductor, magnetic screen, and magnetic sensor etc. The magnetic properties of Permalloy are influenced by a number of factors, e.g. chemical constituent, surface quality, alloy purity, and heat treatment annealing systems. It is well known that the magnetic domain microstructures and its motion are the intrinsic factors influencing magnetic properties. Therefore, it is necessary to study magnetic domain microstructures to improve the magnetic properties of Permalloy.
The magnetic domain-microstructures in Permalloy thin film are mainly cross-tie walls instead of chain walls. The cross-tie walls were first observed by Huber using bitter pattern methods in 1958 3) in Permalloy. The magnetic flux closure within the plane of the film has been studied by Huber, as shown in Fig. 1(a) . The main wall is cut at regular intervals by short, right-angle ''cross ties'' which terminate in free, single ends. Goodenough et al. 4) showed the existence of chain walls in 1959. Gomi and Odani 5) observed the similar domain walls and their modified types (displaced types of cross-tie walls and chain walls). Figure 1(b) shows the displaced type of cross-tie walls. Figure 1(c) shows displaced chain walls. The magnetization vectors on both sides of the displaced walls have the same sense. Gomi and Odani explained the formation reason of these kinds of displaced walls. They pointed out that there are scratches or anisotropic inner stress because in the neighborhood of the wall the anisotropic inner stress induced by the larger scratch makes the direction of easy axis of magnetization perpendicular to wall line with the action of magnetostriction.
5)
Burger observed the movement of the usual cross-tie wall using the in-plane magnetic field produced by the Helmholtz coils. [6] [7] [8] The circle Bloch line moved along the main wall between two cross-tie walls under the influence of an hardaxis field normal to the wall and the main wall curved by buckling of located parts of the wall under the influence of an easy-axis field parallel to the wall. We also observed the similar behavior of the usual cross-tie walls under applied magnetic field produced by the objective lens of TEM itself. In this paper, we reported in situ Lorentz electron microscopy observation of displaced chain walls magnetic microstructure in the Permalloy thin film using a homemade magnetizing stage and proposed one more accurate magnetic flux model of the displaced chain walls.
Experiment
Lorentz electron microscopy in transmission electron microscopy (TEM) is a powerful tool for high-resolution studies of magnetic microstructures. [10] [11] [12] [13] Lorentz images recorded in Fresnel mode is generally used to determine the magnetic domain walls imaged as black and white lines within a uniform grey background when the TEM is operated at a slightly defocused condition. 14) In order to avoid the loss of original domain structure in a strong magnetic field produced by a conventional objective lens, a switch-off objective lens or a magnetically shielded objective lens is necessary for the observation of magnetic microstructure. The simplest way to study technical magnetization process in TEM is to use a perpendicular magnetic field produced by the objective lens itself. 15, 16) When the standard objective lens is excited slightly, the resulting in-plane component of the magnetic field can be used for magnetizing experiments by tilting the specimen. However, more direct observations without tilting can be performed if the magnetic field is generated by magnetizing coils 17, 18) or a new design of ''magnetizing stage'' [19] [20] [21] (i.e. a specimen holder equipped with a small electromagnet or coils).
The Permalloy thin film, used in this experiment was produced by hard cold rolling, resulting a strong (110) [ 1 112] texture. 22) After magnetic annealing treatment, the Permalloy has quite high initial magnetic permeability 0:001 0.17 T/ (A/m), the max magnetic permeability m 0.545 T/(A/m), high magnetic saturation induction Bs 0.7201 T, and very low coercive field Hc 0.3581 A/m. The plane-view TEM specimen of Permalloy was prepared by mechanically thinning, and then it was ion-milled in an argon atmosphere to electron transparency using a Gantan ion milling system (model 600B) with a liquid nitrogen cold-stage. A Philips CM200 field emission Gun TEM equipped with a Gatan image filtering system was used to carry out Lorentz electron microscopy observation within LM mode operated at 200 kV at room temperature. In order to avoid the magnetic saturation of the soft magnetic specimen, the objective lens was switched off completely using the Free Lens Control system before the specimen holder was inserted into the TEM. The in situ observation of technical magnetizing process in Permalloy film was carried out with applied inplane magnetic field produced by a homemade magnetizing stage. Figure 2 shows Lorentz microscopy images of the modified type of chain wall structure in the Permalloy thin film in the absence of applied magnetic field. This domain wall is made of two reversed comb-like cross-tie walls denoted with capital A and B, respectively. Magnetic domain walls are clearly imaged as white lines and black lines due to deflection of the incident electron beam caused by the magnetic domains. Figures 2(a) and 2(b) show the same area at overfocused and under-focused conditions. The contrast of the domain walls is reversal. In Fig. 2(c) , one 300 nm wide scratch can be seen between two side walls, which is consistent with the conclusion by Gomi and Odani in 1960 5) that the scratches or anisotropic inner stress are the origin of the modified types of chain walls magnetic structure. The magnetic domain walls structures observed here are like, but not exactly the same as, the displaced chain wall in Fig. 1(c) . The small cross-tie walls at two sides are not perpendicular to the scratch. The magnetization vector direction of the magnetic domains can be revealed by the contrast of the magnetic domain walls. The easy magnetization axis direction and the orientation of the cross-tie walls on two sides are determined by low angle diffraction combining with the multiple dark-field images.
Results and Discussion
3) The cross-ties walls are along the [1 1 12] direction, inclined to the chain walls at angle of about 70. 5 . The extinction contour breaking at the chain domains in Fig. 2(c) indicates that the orientations of the domains on the two sides are almost the same, and the chain domains are mis-oriented. The specimen thickness at the position of the domain wall is about 40-100 nm estimated by electron energy-loss spectroscopy. Figure 3 shows a schematic magnetic flux model of the displaced chain walls above. Two big magnetic domains with the same magnetization vector direction are separated by the chain domains. The magnetization directions of chain domains are zigzag and opposite to that of the big domains on two sides of the scratch. The buckling of the chain walls occurs at the position of the Bloch lines due to the long-range In Situ Lorentz Microscopy Observation of Displaced Chain Walls in Permalloystray field interaction between Neél walls. The contrast of the two comb-like cross-tie walls in the Lorentz microscopy images in Fig. 2 is reversed. And the contrast of walls can be deduced from the magnetic flux model. Figure 4 shows in situ Lorentz microscopy observation results under applied in-plane magnetic field produced by a homemade magnetizing stage. In Fig. 4(a) , there were 7 pairs of white wall A and black wall B (numbered by 1 to 7) in the origin magnetic state of the Permalloy in absence of applied magnetic field. Under the influence of gradually increasing applied in-plane magnetic field H along the direction labeled by the black arrow, the 2th and 6th pairs of walls disappeared in Fig. 4(b) . The white and black walls moved towards each other in the 3th, 4th, 5th pairs of walls in Fig. 4(c) with the continuing increase of magnetic field. And then 1th and 3th pairs of walls disappeared in Fig. 4(d) , and 4th and 5th vanished in Fig. 4(e) . Finally, all the domain walls vanished in the view field when the field added up to 875 A/m in Fig. 4(f) . With the decreasing of the applied in-plane magnetic field, the effect of anisotropic inner stress played an important role again and the displaced chain walls appeared again in Figs. 4(g) and (h) . When the applied magnetic field decreased to zero, the magnetization state of the Permalloy thin film in Fig. 4 (i) didn't go back to the initial magnetic state as shown in Fig. 4(a) due to the magnetic hysteresis effect. In Figs. 4(j) -(l), with negative direction magnetic field increasing gradually more pairs of cross-ties walls A and B appeared. In Fig. 4(l) , the number of the cross-tie walls was almost the same as initial magnetic domain microstructure of Fig. 4(a) when the magnetic field added up to À1273 A/m.
This magnetization reversal process behavior of the displaced chain walls under applied in-plane magnetic field can be explained by the illustrate diagram in Fig. 3 . As seen from Fig. 3 , the chain domains are separated into a series of sub-domains C and D by cross-ties walls A and B. The magnetization vectors of the sub-domains C and D both have two components, perpendicular to and antiparallel to that of the two adjacent side magnetic domains, respectively. Because the magnetization vector of the sub-domain C is more opposite to the applied magnetic field than that of the sub-domain D, the sub-domain C disappears first, and the sub-domain D gradually reduces which causes the cross-tie walls A and B to move towards each other, and disappears when the circle Bloch line on cross-tie walls B and cross Bloch line on A meet. Finally, there is only one big magnetic domain in the Permally film. When the applied magnetic field removes, the sub-domain D grows up first, and then the subdomain C comes forth.
Conclusions
In summary, in situ Lorentz microscopy investigation of one modified type of chain walls structure in the Permalloy film was reported. And its magnetization reversal process was explained with a schematic illustration of its magnetic flux closures within the plane of the film. In situ Lorentz microscopy observation was carried out by applying in-plane magnetic field to the Permalloy film using the homemade magnetizing stage. 
